In this study, a cooling/power cogeneration cycle consisting of vapor-compression refrigeration and organic Rankine cycles is proposed and investigated. Utilizing geothermal water as a low-temperature heat source, various operating fluids, including R134a, R22, and R143a, are considered for the system to study their effects on cycle performance. The proposed cycle is modeled and evaluated from thermodynamic and thermoeconomic viewpoints by the Engineering Equation Solver (EES) software. Thermodynamic properties as well as exergy cost rates for each stream are found separately. Using R143a as the working fluid, thermal and exergy efficiencies of 27.2% and 57.9%, respectively, are obtained for the cycle. Additionally, the total product unit cost is found to be 60.7 $/GJ. A parametric study is carried out to determine the effects of several parameters, such as turbine inlet pressure, condenser temperature and pressure, boiler inlet air temperature, and pinch-point temperature difference, on the cycle performance. The latter is characterized by such parameters as thermal and exergy efficiencies, refrigeration capacity, produced net power rate, exergy destruction rate, and the production unit cost rates. The results indicate that the system using R134a exhibits the lowest thermal and exergy efficiencies among other working fluids, while the systems using R22 and R143a exhibit the highest energy and exergy efficiencies, respectively. The boiler and turbine contribute the most to the total exergy destruction rate.
Introduction
Increasing population growth and, consequently, growing fossil fuel consumption along with its limited availability, combined with the effects of greenhouse gas emissions from these fuels, threaten the wellbeing of humans and the environment. Thus, the need for clean and renewable energy sources is recognized now more than ever [1, 2] . Geothermal energy is a renewable energy source that is likely to be highly sought after in the foreseeable future because of its large availability and low environmental impact. Statistics show a significant increase in the use of the geothermal energy sources [3] . Lucia et al. [4] carried out a review on different ground source typologies of heat pumps and introduced an approach for their modelling, from the viewpoints of thermodynamics. They suggested two possible ways for second law optimization of these systems for their future developments; one was based on a dynamic approach and the other one was based on using a control and exergy efficiencies were 27% and 52%, respectively, while the exergoeconomic factor was 12.5%, for the combined cycle. These results indicate that there are higher exergy destructions in components such as the evaporator, the turbine, and the condenser, and that these devices should be modified to improve the cost-efficiency balance of the system.
In this research, a combined cycle consisting of an ORC and a VCC using geothermal water as a low-temperature heat source is proposed and analyzed from thermodynamic and exergoeconomic viewpoints. The system generates electricity and cooling simultaneously. After determining the thermal and exergy efficiencies, a thermoeconomic analysis is performed to calculate each stream's exergy cost, as well as total product unit cost of the system. Next, a parametric study is conducted to investigate the effects of decision parameters and various working fluids on the thermal and exergy efficiencies, as well as total product unit cost.
System Description
A schematic of the proposed cogeneration system is depicted in Figure 1 . The system comprises two subsystems: an ORC producing power and a VCC to generate refrigeration. The two subsystems are connected in such a way that they have a common condenser, as shown in the figure. 
Modeling and Analyses

Thermodynamic Analysis
In order to evaluate the cycle thermodynamically, mass conservation laws as well as the first and second laws of thermodynamics were applied. Furthermore, energy and exergy relations were calculated using the EES software [20] .
To simplify the calculations, the following assumptions were made regarding the cycle:
• The system is at steady state.
•
The ambient temperature and pressure are 25 °C and 1014 Pa, respectively.
• Pressure drops in the system (heat exchangers and pipes) are negligible. Cooling water (geothermal) enters the condenser at temperature T cw (state 15) and the operating fluid exits as a saturated fluid at temperature T cond (state 6) and at the saturation pressure (P cond ), which represents the medium pressure of the system. The exiting stream from the condenser is then divided into two separate flows; one drives the ORC and the other passes through the VCC. In the VCC, after a decrease in its temperature and pressure in the throttle valve, the liquid is injected into the evaporator (state 10) and exits as a saturated vapor at temperature T e (state 11). Subsequently, the fluid is compressed by the compressor to pressure P cond (state 12) and is then mixed with the other flow from the ORC.
In the ORC, the pressure of the fluid from the condenser (state 7) is increased by the pump to the turbine inlet pressure (P h ), which is the highest pressure of the system. The outlet stream from the heat exchanger enters the boiler (state 1). Inside the boiler, thermal energy is supplied at temperature T s ; the fluid evaporates and is superheated to temperature T h at pressure P h (state 2). The fluid then enters the turbine where it undergoes an isentropic process, reaching pressure P cond and enters the heat exchanger (state 3). There, with the preheating of the input current of the heater from state 8 to 1, the flow temperature reduces from state 3 to 4. Next, the flows exiting the compressor and the heat exchanger, both at pressure P cond , are mixed and then enter the condenser (state 5). It has been assumed that the minimum temperature difference between hot and cold flows in heat exchangers is greater than the described value of the pinch-point temperature difference (∆T pp ). The thermodynamic properties at points 3, 8, and 12 are obtained using expressions for the compressor, pump, and turbine isentropic efficiencies.
Modeling and Analyses
Thermodynamic Analysis
•
The ambient temperature and pressure are 25 • C and 1014 Pa, respectively.
Pressure drops in the system (heat exchangers and pipes) are negligible.
Expansion and compression processes, in all compression and expansion components, are adiabatic.
Changes in kinetic and potential energies are negligible.
The fluid flow exiting the condenser is a saturated liquid.
Outlet fluid from the evaporator is a saturated vapor.
A mass rate balance equation can be written as:
Additionally, energy and exergy rate balances are given respectively by:
.
The material exergy rate terms in the above equation for a component can be expressed as follows:
where subscript 0 indicates the restricted dead state, which has the same temperature and pressure as the standard environment. Note that variations of other kinds of exergies like kinetic and chemical are neglected [21] . In cogeneration cycles, where there is more than one product, an energy utilization factor (EUF) can be defined instead of the thermal efficiency [22] :
where .
W net is the produced net power, which can be expressed as:
and where .
Q evaporator and .
Q boiler are the heat transfer rates in the evaporator and the boiler. These can be expressed as follows:
Additionally, other performance criteria can be obtained from the following relations [23] . The relation for the second law efficiency can be expressed as follows:
where . E evaporator and . E in are the exergy rates at the evaporator and the boiler, which can be written respectively as [21] :
where T 0 , T cs , and T air are the environment, cooling space, and the ORC boiler inlet air temperatures, respectively. Additionally, .
m s and C ps are, respectively, the mass flow rate and the specific heat capacity of the air entering the evaporator. By applying the above equations for each component of the cycle depicted in Figure 1 , detailed energy and exergy relations can be written, as shown in Table 1 . 
Thermoeconomic Analysis
The thermoeconomic analysis is a combination of exergy analysis and economics. Exergy analysis is capable of estimating exergy destruction values in components. In a thermoeconomic analysis, optimum conditions for the operation of the system can be obtained thermodynamically and economically by taking into account the thermodynamic and economic parameters simultaneously. The purpose of such an analysis is minimizing the cost of producing a product or maximizing the amount of product generated during a system's operation with a fixed total cost.
For a thermodynamic system, there can be mass and energy flows at the inlet and the outlet, and exchanges of work and heat transfer with the environment. In accordance with mass and energy flows, exergy flows into and out of the system can occur. Additionally, due to system irreversibilities, there are exergy destructions. Since exergy represents the thermodynamic value of a flow, it is natural to relate the cost of these flows to their exergy transfer rates. This part of the thermoeconomics is called exergy costing. For each exergy stream in a system, the exergy cost rate ( . C) and exergy unit cost rate ( . c) can be defined.
The cost rate balance equation for each component of the system, receiving a heat transfer and generating power can be expressed as follows [21] :
Z is the initial cost rate of each component, the indexes i and e represent the input and output flows, respectively, and . C q and . C w , respectively, denote the cost rates associated with heat transfer and work rates. All the terms in the cost balance equation are positive, so that the cost rates associated with output exergies appear at the left side of the equation and those involved with input exergies are written at the right side. Then, the above equation can be rewritten as:
where
The cost balance and auxiliary equations for each component of the combined system considered in this study are listed in Table 2 . Table 2 . Cost rate balance and auxiliary equations for the components of the system.
Component
Cost Rate Balance Auxiliary Equations
Economic Model and Analysis
The economic model estimates the purchased cost of equipment (initial cost) and operating and maintenance costs. In order to define a cost function that is dependent on the optimization parameters, the initial cost of each component of the system must be stated in terms of its thermodynamic characteristics. In the case of simultaneous power generation and refrigeration, we generally encounter three groups of components including turbines, pumps, and heat exchangers. The costs of these components can be expressed as follows [24] : 
0.26
The values of bare module cost (C p,k ) for each of the components are listed in Table 3 [24]. Additionally, to estimate the heat transfer rates in the heat exchanger, the following equation is used:
where U k , A k , and ∆T lm k are, respectively, the total heat transfer coefficient, the heat transfer surface area, and the logarithmic mean temperature difference (LMTD). The relationships and values for LMTD and U k used in the present study are given in Table 4 . Table 4 . Relationships and values for logarithmic mean temperature difference (LMTD) and the total heat transfer coefficient (U k ).
Subsystem
Logarithmic Mean
To calculate the levelized capital investment cost for a component, the following general relation is used [24] :
Here τ denotes the annual operation hours for a plant in one year. Additionally, CRF is the capital recovery factor for a system, expressible as follows [20, 21] :
where i r is the annual interest rate and n is the plant useful operation life.
To bring the cost of system components to the reference year, the chemical engineering plant cost index (CEPCI) and the following relation are used [21] :
cost at reference year = original cost? cost index for the reference year cost index for the original year (21)
Results
To verify the validity of the results, a study by Kim and Perez-Blanco [10] was used. In that research, a thermodynamic analysis of a cycle involving the simultaneous generation of power and refrigeration with a low-temperature energy source was considered. The cycle included an ORC for power generation and a VCC for producing refrigeration, including limited generation of cooling without producing electricity, and used the same operating fluid with the ORC. For validation, the variation of thermal efficiency with changes in the turbine inlet pressure for the R143a working fluid was plotted and compared with the obtained graph in this study. As shown in Figure 2 , the results were in good agreement with the results obtained from Kim and Perez-Blanco's work [10] .
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Performance Results
The values of the initial input data and results for the cogeneration cycle and for the proposed cycle are presented in Tables 5 and 6 . Applying the values presented in this table, as well as the relationships provided for energy, exergy, and economic analyses in the previous sections, the values are determined for pressure, temperature, operating fluid (R143a) flow rate, exergy rate, exergy unit cost rate, and exergy cost rate. The results are presented in Tables 6 and 7 . 
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Parameter Value
Source temperature Figure 3 depicts the percentage of exergy destruction for each component in the cogeneration cycle using R143a. It is evident that the boiler and turbine contribute the most to the exergy destruction, while the compressor and mixer contribute the least. A comparison between different working fluids regarding their effects on the thermal and exergy efficiencies, total product unit cost, total exergy destruction rate, cooling capacity, and produced net power is depicted in Figure 4 . It is apparent that the system has the highest energy and exergy efficiencies as well as the lowest total production unit cost when using R143a. Furthermore, a higher exergy destruction rate for the case of using R22 results in the highest production cost.
(a) A comparison between different working fluids regarding their effects on the thermal and exergy efficiencies, total product unit cost, total exergy destruction rate, cooling capacity, and produced net power is depicted in Figure 4 . It is apparent that the system has the highest energy and exergy efficiencies as well as the lowest total production unit cost when using R143a. Furthermore, a higher exergy destruction rate for the case of using R22 results in the highest production cost. A comparison between different working fluids regarding their effects on the thermal and exergy efficiencies, total product unit cost, total exergy destruction rate, cooling capacity, and produced net power is depicted in Figure 4 . It is apparent that the system has the highest energy and exergy efficiencies as well as the lowest total production unit cost when using R143a. Furthermore, a higher exergy destruction rate for the case of using R22 results in the highest production cost. 
Parametric Study
In this section, a parametric analysis is carried out to investigate the effects of several parameters on the cycle performance. The results of variations in several decision parameters are presented.
Effect of Turbine Inlet Pressure (TIP)
The variation of first law efficiency with TIP in the cogeneration cycle is depicted in Figure 5 for three working fluids. As can be seen, the thermal efficiency rose consistently with increasing TIP in all cases. Furthermore, for a given value of TIP in Figure 5 , the systems using R22 and R134a exhibited the highest and lowest thermal efficiencies, respectively. 
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The variation of first law efficiency with TIP in the cogeneration cycle is depicted in Figure 5 for three working fluids. As can be seen, the thermal efficiency rose consistently with increasing TIP in all cases. Furthermore, for a given value of TIP in Figure 5 , the systems using R22 and R134a exhibited the highest and lowest thermal efficiencies, respectively. Similarly, the variation of the exergy efficiency with TIP for the proposed system is depicted in Figure 6 for the same working fluids. Like the trend depicted in Figure 5 , the exergy efficiency increased with increasing TIP. Additionally, the systems using R143 and R134 exhibited the highest and lowest exergy efficiencies, respectively. By comparing Figures 5 and 6 , it is evident that the system using R134a had the lowest energy and exergy efficiencies among other working fluids, whereas the systems using R22 and R143a had the highest first and second law efficiencies, respectively. Similarly, the variation of the exergy efficiency with TIP for the proposed system is depicted in Figure 6 for the same working fluids. Like the trend depicted in Figure 5 , the exergy efficiency increased with increasing TIP. Additionally, the systems using R143 and R134 exhibited the highest and lowest exergy efficiencies, respectively. By comparing Figures 5 and 6 , it is evident that the system using R134a had the lowest energy and exergy efficiencies among other working fluids, whereas the systems using R22 and R143a had the highest first and second law efficiencies, respectively. The trends depicted in Figures 5 and 6 can be justified by considering Equations (5) Figure 7 , justified the trends indicated in Figures 5 and 6 . It is apparent that the cycle produced the least and most power while working with R134a and R143a, respectively. Similarly, the variation of the exergy efficiency with TIP for the proposed system is depicted in Figure 6 for the same working fluids. Like the trend depicted in Figure 5 , the exergy efficiency increased with increasing TIP. Additionally, the systems using R143 and R134 exhibited the highest and lowest exergy efficiencies, respectively. By comparing Figures 5 and 6 , it is evident that the system using R134a had the lowest energy and exergy efficiencies among other working fluids, whereas the systems using R22 and R143a had the highest first and second law efficiencies, respectively. Figure 8 illustrates the trend for exergy destruction ratio in each component as TIP varies, for the system with R143 as the working fluid. It is evident that, while the TIP rose, the heat exchanger exergy destruction ratio varied negligibly. This ratio for the turbine, condenser, and evaporator increased with increasing TIP, while for the boiler a downward trend was observed. Additionally, the heat exchanger and boiler had the lowest and highest exergy destruction ratios, respectively. The variation of c p,total with TIP is depicted in Figure 9 . It is seen that, for all mentioned working fluids, c p,total decreased as TIP increased. Additionally, c p,total was the lowest and highest for R143a and R22, respectively. It is evident that the greatest cost reduction occurred when the cycle ran with R22 as the TIP increases. Additionally, it is important to note that varying TIP did not have a significant effect on c p,total .
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Effect of Condenser Pressure (P cond )
The variations of the first and second law efficiencies with condenser pressure are illustrated in Figures 10 and 11 , respectively. It is evident that both efficiencies decrease with increasing P cond . The results in Figures 5 and 6 as well as Figures 10 and 11 are congruent, as an increase in the pressure difference across the turbine bought about higher thermal and exergy efficiencies that were expected. The variations of the first and second law efficiencies with condenser pressure are illustrated in Figures 10 and 11 , respectively. It is evident that both efficiencies decrease with increasing cond P .
The results in Figures 5 and 6 as well as Figures 10 and 11 are congruent, as an increase in the pressure difference across the turbine bought about higher thermal and exergy efficiencies that were expected. Similar to the previous section, the variations of first and second law efficiencies, as depicted in Figures 10 and 11 , respectively, are justified considering the results in Figure 12 . The results in Figures 5 and 6 as well as Figures 10 and 11 are congruent, as an increase in the pressure difference across the turbine bought about higher thermal and exergy efficiencies that were expected. Similar to the previous section, the variations of first and second law efficiencies, as depicted in Figures 10 and 11 , respectively, are justified considering the results in Figure 12 . Similar to the previous section, the variations of first and second law efficiencies, as depicted in Figures 10 and 11 , respectively, are justified considering the results in Figure 12 . 
Effect of Condenser Temperature ( cond T )
In this section, the effect of varying cond T is investigated on the total product unit cost of the system and the results are shown in Figure 13 . It is apparent that the systems using R143a and R22 have the greatest and lowest costs, respectively. Additionally, for all working fluids, Effect of varying condenser pressure (P cond ) on net power.
Effect of Condenser Temperature (T cond )
In this section, the effect of varying T cond is investigated on the total product unit cost of the system and the results are shown in Figure 13 . It is apparent that the systems using R143a and R22 have the greatest and lowest costs, respectively. Additionally, for all working fluids, c p,total reaches a minimum with increasing condenser temperature. 
Effect of Condenser Temperature ( cond T )
In this section, the effect of varying cond T is investigated on the total product unit cost of the system and the results are shown in Figure 13 . It is apparent that the systems using R143a and R22 have the greatest and lowest costs, respectively. Additionally, for all working fluids, on total product unit cost. Figure 13 . Effect of varying condenser temperature (T cond ) on total product unit cost.
Effect of Pinch-Point Temperature Difference (∆T pp )
In this section, the effect of ∆T pp on system performance was studied. A descending trend is observed for both the first and second law efficiencies with increasing pinch-point temperature difference, as seen in Figures 14 and 15 . The trend can be explained by observing the effect of ∆T pp on the . W net (Figure 16 ), and considering Equations (5) and (9) . In this section, the effect of on system performance was studied. A descending trend is observed for both the first and second law efficiencies with increasing pinch-point temperature difference, as seen in Figures 14 and 15 . The trend can be explained by observing the effect of on the net W  (Figure 16 ), and considering Equations (5) and (9) . 
Conclusions
In the present study, thermodynamic and exergoeconomic analyses are carried out on a novel combined cycle comprised of vapor-compression refrigeration and organic Rankine cycles. The governing relationships for the combined cycle are expressed using the laws of mass and energy conservation and exergy analysis, and relations for exergoeconomic analysis are given. The effects are investigated of varying numerous parameters on cycle performance measures, like first and second law efficiencies, total product unit cost, produced net power, and component exergy destruction ratios. The conclusions that can be drawn from the results are as follows:
•
The proposed configuration is proved to be an efficient cogeneration system.
The largest exergy destruction occurs in the boiler and turbine, respectively. • Among the three working fluids, the R143a has the best result from the viewpoint of both the second law of thermodynamics and economics.
The highest product unit cost is achieved with R22 as the working fluid.
Better thermodynamic and economic results are achieved with higher turbine inlet pressure and lower condenser pressure as well as lower pinch-point temperature difference.
• Increasing TIP results in an increase in all component exergy destruction ratios, except the boiler. The net change in exergy destruction; however, is negative because the boiler is dominant in this respect.
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